The role and function of the otolith organs might well hold continuing interest for those studying cochlear mechanics. The otoliths, utricle, saccule (and lagena in birds) are intriguing, not just because of their role in the evolutionary origins of inner ear function, but because, in mammals, their membranous structures are contained within the bony vestibule, directly in line with the action of the stapes[1]. Intriguingly they display highly-organised morphology[2]; [3]) and offer an apparently redundant low-frequency channel [4] . This duplication is puzzling considering cochlear low-frequency reception is generally less vulnerable than high. Unexplained is how pressures within the labyrinth are regulated [5] . A hypothesis is developed that the saccule's low-frequency pressure sensitivity may represent another function entirely, connected with the mechanics of cochlear homeostasis. A mathematical model is presented to illustrate how the otoliths may have two orthogonal modes, sensing otolith shear in differential mode, but sensing ambient pressure in common mode.
INTRODUCTION
This exercise therefore follows a long history of experiment, description and modelling of the otoliths [2, 6, 7] for which the popular objective has been understanding the sensing of gravity, movement and acceleration [8] [9] [10] [11] [12] . A new computational model is here presented for the function of an otolith organ, following interest in homeostatic regulation mechanisms centred on the endolymphatic system [5, 13] . Any regulatory mechanism for pressure should reasonably possess a pressure sensor, so where, within the membranous labyrinth is one located? The lagena is chosen for investigation because it seems to possess all the sensory pre-requisites. Being symmetric, it is less complex than either the saccule [10, 14] (and utricle) but possesses the same key property viz. centrifugal organisation of the hair cell orientation [12, 15] .
The layers of the otolithic membrane are important for the model. Immediately above the sensory macula containing the hair cells are three layers. The first is a gel layer which is elastic [16] through which the hair bundle and kinocilia pass. Next there is a stiffer mesh-layer into which the tips of the kinocilia are anchored [16] . Finally, above this sits the inertial otoconia layer which is elastic because the otoconia themselves are separated by gel [17] .
This model calculates the motions of kinocilia with their roots anchored in the macula, given motion which is numerically applied to the whole otolith surface. Such motion is not limited to just shear. It stems from the realisation that the elasticity leaves open another mode -force normal to the macular surface acting upon the balloon-like properties of the otolithic membrane.
Assumptions
Movements of the otoconia layer cause a corresponding change in angle of the kinocilia tracking the position of the otolith. Secondly, the elastic gel matrix acts as a compression spring which holds the kinocilia under some minimal tension keeping them taut and linear. It also allows anisotropic distribution of stimulation capitalising on the nonplanar macula. Movement applied is not resisted by changes in tension of the kinocilia. Boltzmann statistics for hair cell stimulation are not invoked for lack of detailed morphological information.
METHODS
MATLAB™ (v2016b) is used to simulate otolith function. The basic shape of the lagena is taken from curve fits of the morphology [18] redrawn in Fig.1A . Hair cells external to the socalled line-of-reversal (green dashed line) are oriented towards the longer rim (pars externa), and vice versa. The 2d map immediately suggests that the macula is not planar but that the reversal of polarity makes sense if the opposite sides of the line-of-reversal are in reality opposing flanks of a ridge or valley. Accordingly, the height variation is chosen as ( , ) = cos( ) sech( ) where 0 < r ≤ 2π for a ridge (or alternately -π < r ≤ π for a valley) and -π < θ ≤ π. (Fig.1B) . Each polar dimension is scaled to vary with the boundary values of radii, also the angular span of the lagena from values from the curve fits to Fig1A. The line-of-reversal runs along the curved bottom of the valley and the striola is situated on the opposing slopes of the valley. Conversely, the extra-striola region lies in the hilltops above the valley. Due to the otolith elasticity both regions receive a very different manner of stimulation from the applied movement. The stretching of the membrane radially means that both sides move in phase in the z direction. This macular surface is generated using a polar mesh grid. One hair cell and the rootlet of its kinocilium is assumed located at every intersection of the meshgrid and are thus equally distributed along each dimension. A corresponding second grid is computed for the kinocilium tips over their roots, calculated by assuming the length of all the kinocilia may have values from 15µm [19] to 80 µm [20] . Thus, the matrix of 3d positions of the kinocilia tips define the otoconia surface which is treated as another object. Each hair cell has an optimal angle of sensitivity defined in our case as discrete values of θ for the unstimulated case -for which each kilocilium is assumed to stand normal to the surface (Fig.1B) .
Stimulating the otolith involves computing the new positions of the kinocilia tips, by applying 3d affine transformations (translation and scaling) for each point in the xy-stimulus sequence.
Having obtained a new otolith surface, the new set of kinocilia vectors is defined by taking the vector differences of the roots from the tips. The kinocilia deflections φ from their normal positions are given by φ = tan -1 (‖v1⨂v2‖ . v1⨀v2), ∀ v1,v2, where v1 are the kinocilia in resting positions, v2 in stimulated positions, at each point in time.
The output of the model is, for each kinocilium on the meshgrid, the value φ relative to its orientation which varies as . This set of deflections is displayed as a 3d surface, where the xy-values are taken as the kinocilia root positions, while the height value (z) represents the deflection φ in degrees. Since deflection either side of the optimal direction would result in less depolarisation, the norm of the cross product is taken. This rectification means that z ≥ 0 for all cells. At local places on the lagena where any kinocilium is currently at the cell's optimal angle (normal to the surface), the height of the deflection surface is zero degrees. By definition, for no applied stimulus, the whole lagena response is a surface coincidental with the xy-plane. The height of the deflection surface depends upon the expansion factor S∈(1.05,1.4) as does the sharpness of the notch.
RESULTS
Affine transformation resulting in otolith shear being detected by the striola Figure 2 shows for any centroid, chosen here to be situated on the reversal line, points either side move radially in opposite directions thus directly capitalising on the centrifugal organisation, while their z components move in the same direction. The key result is that there is a defined region (red patch) of minimal deflection. This appears as a notch in the 3d surface. As the otolith executes the movement in the xy-plane, the location of the notch moves within the region defined by the flanks of the valley as shown, x,y ∈ [-40, +80]. The deflection surface is shown in Fig.2B and 2D from different viewpoints. The notch shows that somewhere on the surface a kinocilium is perfectly aligned with the orientation of the cell. As the otoconia move, shear produces a localised rapid change in deflection within striola region. The notch traces the Table 1 Movement of the otoconial membrane mass is simulated by applying 3d affine transformations to the coordinates of the kinocilia tips. Unstimulated, these are calculated to be normal to the surface at the locations of the kinocilia roots, but distant by the length of the kinocilia. Translation by T tests shear, while scaling by S explores the surface elasticity of the gel-matrix.
movement of the otolith with reasonable fidelity of the stimulus (Fig.2C and 2D) . The model suggests that the lagena can deliver a topographic representation of shear movement. Figure 3 shows the effect of varying the expansion factor for two values, 0.9 and 1.1 (Panels A and B). The x-y position of the otolith is fixed in relation to the macula. The extra-striola regions on the lagena are most sensitive to stretch of the gel-matrix (radially furthest from the line-of-reversal). This effect is attributed to the centrifugal organisation of the hair cells because the deflections on opposite sides are both resulting in depolarisation. Neural detection of hydrostatic pressure may be achieved by extracting the common mode deflections for opposite hilltops. Expansion from unity produces a positive-going deflection, while contraction produces a negative going deflection. The reversal of colours either side of unity is deliberate because deflections rapidly traverse zero at unity. The polarity of the movement tracking is also reversed.
Affine transformation exploring elasticity of the gel-matrix

DISCUSSION
The property of interest here is that the 3d topology of the maculae may be vital to connect their morphology with function. The adopted form of the model is consistent with expected dynamic behaviours attributed to the phasic cells of the striola [15] , effectively differentiating the Figure 2 A simulation of the deflection of the field of kinocilia in the pigeon lagena for a pseudo-random-walk X-Y stimulus applied to the otoconia. In the two views on the right of the colored surface the Z axis gives the global picture of deflections of all the kinocilia from the angle of their respective optimal orientation. As the otoconial membrane moves relative to the macula a prominent single notch is formed as a localized patch of hair cells swing through zero deflection. The resulting response locus is found from a planar search for the notch, result slightly smoothed. The response is effectively a topographic map of inertial movement of the otolith, which is mostly detected by the calyces and dimorphs of the striola, differentiated by phasic response. displacement of the inertial otoconial mass. Conversely, the extra-striola region is most heavily populated by the type II hair cells with their bouton nerve endings and tonic firing behaviour [12] .
Points either side of the line-of-reversal can move in opposite directions, thereby making sense of the centrifugal organisation, allowing for innervation to be organised to sense common mode as well as a differential mode. Vestibular median discharge rates are over 50/s [12] . Conversely it capitalises on the notion that the otolithic membrane may stretch by various amounts suggesting expansion and contraction could monitor endolymph pressure. Future effort to develop the model would warrant attention to test constraints imposed by the tip attachments and the nature of a neural net for efferent control of water shunting between cochlear compartments [21] . Quite apart from their roles in management of balance, they also contain the pre-requisites to register static pressure [22] .
Significance and predictions
Otolith science has been strongly directed at using the shear mode to explain balance. It will be found that the vestibular neural response will support a second mode: pressure sensitivity. Both variables appear to be orthogonal -shear is sensed in differential mode while the common mode deflections will carry the information about ambient pressure. Secondly, the utricle and saccule likely function in tandem as the control element in an osmotically-driven homeostatic management system [21] which has evolved to cope with ambient pressure change. Since the proposed common mode scheme cannot support expansion factors of unity, and since hair cell polarity in the utricle is reversed in the saccule, it will be found that the nature of the tandem operation will be analogous to an electronic amplifier operating in Class B (with overlap). Lastly, the study of cochlear mechanics has been complicated by lack of knowledge of this mechanism which, under conditions of high sensitivity and sharp tuning obscures its own existence, viz. the 2-chamber model may be perfectly adequate while this active mechanism is dormant but is challenged by ambient pressure change or efferent [23] or other experimental disturbances [24] . Figure 3 The otolithic membrane has its dense otoconia embedded in a gel matrix. The membrane is elastic. This simulation tests the effect of varying the amount of stretch of the membrane, say as might be due to variation of hydrostatic pressure. Varying the expansion factor (0.9 Panel A, 1.1 Panel B) has a profound effect upon deflections at the rims of the lagena in the extra-striola region where the type II cells give a tonic response. The boutons have high firing rates so they could appropriately register a drop in pressure as well as rise (see Discussion).
